The mutagenicity of an oxidized form of dGTP, 8-hydroxy-2'-deoxyguanosine 5'-triphosphate (8-OH-dGTP), was examined using COS-7 cells. 8-OH-dGTP and supF shuttle plasmid DNA were co-introduced by means of cationic liposomes, and the DNAs replicated in the cells were recovered and then transfected into Escherichia coli. These results constitute the first direct evidence to show that 8-OH-dGTP actually induces mutations in living mammalian cells.
Introduction
ROS are generated endogenously by normal oxygen metabolism, and are also produced by many environmental mutagens and carcinogens.
For these reasons, ROS and the resulting DNA oxidation represent a potentially important source of mutations and one of the causative factors of carcinogenesis, neurodegeneration, and aging [1] [2] [3] . 8-OH-Gua (also known as 7,8-dihydro-8-oxoguanine) is one of the major oxidized bases [4, 5] . Its highly mutagenic potential has been shown by site-directed mutagenesis experiments using Escherichia coli and mammalian cells [6] [7] [8] [9] [10] [11] [12] [13] [14] . 8-OH-Gua has been used as a marker of DNA oxidation, due to its sensitive detection by an HPLC-electrochemical detector system as well as its mutagenic properties [4] .
In addition to the direct oxidation of DNA, DNA precursors (deoxyribonucleotides) are also affected by oxidation. 8-OH-dGTP (also known as 7,8-dihydro-8-oxo-2'-deoxyguanosine 5'-triphosphate) is the major oxidation product of dGTP in in vitro oxidation reactions [15] .
Several lines of evidence indicate that the oxidation of dGTP in the nucleotide pool is another important endogenous source of mutagenesis.
DNA polymerases incorporate 8-OH-dGTP opposite C and A in vitro [7, [16] [17] [18] [19] [20] [21] [22] [23] . In terms of the accumulation of 8-OH-Gua in DNA, the contribution of 8-OH-dGTP from the nucleotide pool and the direct oxidation of G bases in DNA has been reported to be almost equal [24] . Nunoshiba et al. reported that the mutations found in an Escherichia coli strain lacking superoxide dismutases and a repressor for iron-uptake systems were A:TC:G and G:CT:A transversions, and concluded that the former was caused by 8-OH-dGTP, based on a variety of experimental data [25] . The E. coli MutT protein catalyzes the hydrolysis of 8-OH-dGTP [16] , and A:TC:G transversions are induced with high frequency in mutT mutant strains [24, 26, 27] , indicating the importance of 8-OH-dGTP as a source of mutations. Moreover, the presence of mammalian homologues of MutT (MTH1 proteins) supports this speculation [28] . Indeed, a greater number of tumors were formed in the lungs, livers, and stomachs of MTH1-deficient mice than wild-type mice [29] . In addition, 8-OH-dGTP incorporated directly into bacterial cells induced chromosomal gene mutations, providing evidence that the damaged DNA precursor acts as a mutagen in E. coli [27, 30] .
These results raised the question of whether 8-OH-dGTP is mutagenic and induces A:TC:G transversions in mammalian cells. In a previous study, the mutation spectrum of 8-OH-dGTP was examined using an SV40 origin-dependent in vitro replication system [22] . However, no assay system using live mammalian cells has been established. We developed a new assay system, and now show that 8-OH-dGTP clearly induces A:TC:G transversion mutations in live simian COS-7 cells.
Materials and Methods

Materials
dGTP (FPLC-grade) was purchased from GE Healthcare Bio-Sciences (Piscataway, New Jersey, USA). 8-OH-dGTP was obtained from TriLink BioTechnologies (San Diego, California, USA). Purified oligonucleotides were from Hokkaido System Science (Sapporo, Japan) and Sigma Genosys Japan (Ishikari, Japan). pSVKAM189/Zeo(+) was constructed by insertion of the Zeo r cassette (BglII-SalI) of pCMV/Zeo (Invitrogen, Carlsbad, California, USA) into pSVKAM189 [23] . (50 µg/ml), streptomycin (100 µg/ml), ampicillin (150 µg/ml), and chloramphenicol (30 µg/ml), and the number of colonies on an agar plate containing ampicillin and chloramphenicol, as described [31] .
The nucleotide sequences of the supF gene were analyzed by sequencing, as described previously [33] , using an ABI PRISM Big Dye Desferal (deferoxamine mesylate, 1 mM) was added to the solution used for cell lysis. The total DNA isolated from the COS-7 cells was treated with nuclease P1 and calf intestine alkaline phosphatase. The amount of 8-OH-Gua was determined by HPLC, essentially as described previously [34] . Namely, the nucleoside solution was filtered through an 
Results
Experimental design
To determine the mutation spectrum of 8-OH-dGTP in live mammalian cells, we planned to introduce it together with a shuttle plasmid containing the SV40 ori. Plasmid DNAs with the SV40 ori could be replicated in cells transformed with the SV40 large T antigen, as in COS-7 cells [35] . This SV40 ori-plasmid and the COS-7 system has previously been used to analyze the mutagenicities of various DNA lesions, including 8-OH-Gua [11, 13, 14, 36, 37] . In addition, the supF gene was chosen as the mutagenesis target. However, the replication of episomal DNAs in mammalian cells is error-prone [38, 39] . Indeed, plasmid DNAs recovered from the transfected COS-7 cells frequently contained a considerable fraction of mutants (the maximum mutant frequency was ~1 X 10 -2 ) that lacked some portion of the supF gene (data not shown). Thus, it is necessary to minimize this replication error to detect mutations induced by 8-OH-dGTP. To accomplish this, we examined various experimental conditions and found that the conditions described in this paper gave the lowest nonspecific background mutant frequency (data not shown). In addition, the transfected COS-7 cells were recovered from a well and divided into four sub-fractions and the mutant frequencies were measured for each sub-fraction. The frequencies were different from one sub-fraction to another, and a sub-fraction occasionally showed a mutant frequency >1 DNAs. To avoid this effect, the sub-fraction that showed the highest mutant frequency was not used for further analysis. Namely, among the four sub-fractions, the three with the lower mutant frequencies, obtained in a single 8-OH-dGTP introduction experiment, were further analyzed.
Accumulation of 8-OH-Gua by 8-OH-dGTP treatment
Before the introduction of 8-OH-dGTP, we tested our procedures 
Induction of A:TC:G transversions by 8-OH-dGTP in COS-7 cells
We examined the mutagenic potential of 8-OH-dGTP in living When the unmodified dGTP was co-introduced with the supF plasmid, the observed supF mutant frequency was 3.24 X 10 -5 ( Table 1 ).
The total mutant frequency was similar when 8-OH-dGTP was introduced (3.44 X 10 -5 , Table 2 ). However, a sequence analysis of the supF mutants revealed that A:TC:G transversions were specifically induced by the addition of 8-OH-dGTP (Tables 1 and 2 ). The induction of an A:TC:G transversion mutation indicates that the introduced 8-OH-dGTP caused mutations in COS-7 cells, since the A:TC:G mutation is the 'fingerprint' of 8-OH-dGTP observed in E. coli [30] .
Mutation spectrum of 8-OH-dGTP
We analyzed the sequences of the supF genes in 205 and 207 colonies, obtained in control (dGTP) and 8-OH-dGTP experiments, respectively. Since the total mutant frequencies and the numbers of the mutants analyzed were different in each transfection experiment, we multiplied the total mutant frequency by the proportion of each type of mutation, and expressed them as mutation frequencies (Tables 3 and 4 of mutation, which is found more frequently in the spleens of MTH1-deficient mice than the wild-type mice. However, only one colony contained this type of mutation in the 8-OH-dGTP experiment (Table 6 ).
Thus, the induction of a single-base deletion by 8-OH-dGTP was a rare occurrence in COS-7 cells. The MTH1 protein catalyzes the hydrolysis of 2-OH-dATP in addition to 8-OH-dGTP [43] . Since single-base deletions were induced by 2-OH-dATP in in vitro replication reactions using a HeLa extract [45] , the accumulation of 2-OH-dATP in the spleen cells of the knock-out mice may partly explain the occurrence of this type of mutation.
8-OH-Gua in DNA is mutagenic in mammalian cells [10] [11] [12] [13] [14] . In the cases of shuttle vectors, the mutation frequency of 8-OH-Gua opposite C is <1% and that of 8-OH-Gua opposite A is 64% in COS-7 cells [46] . This implies that once it is incorporated, 8-OH-dGTP opposite A is much more mutagenic than 8-OH-dGTP opposite C. The ratio of 8-OH-dGTP incorporations opposite C and A is unknown. If we hypothesize that the oxidized dGTP is incorporated opposite C and A at similar frequencies, then the A:TC:G mutation would be more frequently observed than the G:CT:A mutation. Further studies will be necessary to interpret the data obtained in this study.
Many reports have described mammalian DNA repair enzymes that act on base pairs involving 8-OH-Gua. The OGG1 (MMH) protein excises the 8-OH-Gua in DNA, and its activity is dependent on the opposite bases [47] [48] [49] [50] [51] [52] [53] . In addition to the proportion of 8-OH-dGTP incorporation opposite C and A, the removal efficiencies of 8-OH-Gua residues would be a determinant of the mutation spectrum of oxidized dGTP. Since duplexes containing an 8-OH-Gua:C are preferred substrates, the 8-OH-Gua residues formed by the incorporation of 8-OH-dGTP opposite C would be eliminated more rapidly than those derived from the incorporation of 
